The structures of 1,4-diaryl-5-trifluoromethyl-1H-1,2,3-triazoles related to J147, a drug for treating Alzheimer's disease , have been determined and compared to that of J147. B3LYP/6-311++G(d,p) calculations have been performed to determine the potential surface and molecular electrostatic potential (MEP) of J147, and to examine the correlation between hydrazone J147 and the 1,2,3-triazoles, both bearing a CF 3 substituent. Using MEPs, it was found that the minimum-energy conformation of 4, which is nearly identical to its X-ray structure, is closely related to one of the J147 seven minima.
Introduction
In the past few years, we have been interested in preparing compounds that could be used to treat Alzheimer's disease (Martínez, 2010) and other neurodegenerative pathologies (Nieto et al., 2015; Martí-Centelles et al., 2016) . Recently, two compounds, namely J147 (Chen et al., 2011; Prior et al., 2014; Daugherty et al., 2017) and CAD-31 {N-(2,4-dimethylphenyl)-2,2,2-trifluoro-N 0 -[3-(trifluoromethoxy)benzylidene]acetohydrazide; Prior et al., 2016; Daugherty et al., 2017}, have shown in ISSN 2053 -2296 # 2018 International Union of Crystallography Figure 1 Relationship between J147, CAD-31 and 1,4-diaryl-5-trifluoromethyl-1H-1,2,3-triazoles.
mice models a substantial improvement in cognitive deficits even when administered at the late stages of the disease. Structural variations starting from these compounds led us to a series of heterocyclic compounds, amongst them the 1,4-diaryl-5-trifluoromethyl-1H-1,2,3-triazoles (Fig. 1 ).
Schubert's compounds, J147 and CAD-31, are not the only representatives of active pharmaceutical ingredients (APIs) bearing CF 3 substituents (Betageri et al., 2005; Nenajdenko, 2014) ; consider, for instance, fluoxetine {N-methyl-3-phenyl-3-[4-(trifluoromethyl) phenoxy]propan-1-amine}, used for the treatment of depression, celecoxib {4-[5-(4-methylphenyl)-3-(trifluoromethyl)-1H-pyrazol-1-yl]benzenesulfonamide}, used for the treatment of pain or inflammation, or riluzole (6-trifluoromethoxy-1,3-benzothiazol-2-amine), used for the treatment of amyotrophic lateral sclerosis.
However, examples in the literature of 4(5)-CF 3 -substituted 1H-1,2,3-triazoles are scarce (Kobayashi et al., 1984; Meazza & Zanardi, 1991) , being prepared by 1,3-dipolar cycloaddition between different aryltrifluoromethylacetylenes and aryl azides. One drawback of this method is the lack of regioselectivity, giving two regioisomers, the 1,4-diaryl-substituted 1,2,3-triazole being the major one. This lack of regioselectivity could be circumvented using click chemistry (Huisgen, 1984; Padwa, 1991; Fan & Katritzky, 1996) . Nowadays, metal-free 1,3-dipolar cycloadditions have proven to be an alternative method for obtaining 1,2,3-triazoles (Lima et al., 2015) , although the synthesis of substituted phenyltrifluoromethylacetylenes is still challenging and requires expensive catalysts.
When preparing these compounds for pharmacological evaluation (Scheme 1), we decided to determine their X-ray crystal structures to see if they would shed any light on the interactions and properties of the CF 3 group. This has been a topic of great interest related to FÁ Á ÁF interactions; it should be noted that some authors doubted their existence, as we discussed in an earlier paper, where we reported one of the shortest FÁ Á ÁF distances determined by X-ray crystallography (Pé rez-Torralba et al., 2014) . Very recently, two papers appeared where these interactions were ascertained using an inelastic tunnelling probe (itProbe) on a metal surface (Han et al., 2017; Neaton, 2017) .
Concerning those involving a CF 3 group, the answer is more nuanced. The volumes of the CH 3 (54 Å 3 ) and CF 3 (94 Å 3 ) groups and their relative solubilities, as well as the intramolecular O-HÁ Á ÁF hydrogen bonds involving CF 3 , have been discussed in a collective book (Ojima, 2009 ) and in a review on intramolecular hydrogen bonding involving organic fluorine, where examples of N-HÁ Á ÁF-C hydrogen bonds in CF 3 -substituted benzanilides and related compounds based on NMR and DFT (density functional theory) calculations have been reported (Mishra & Suryaprakash, 2017) .
Attention should be paid to the fact that until now the X-ray crystal structures of J147 and CAD- 31 have not yet been deposited in the Cambridge Structural Database (CSD, Version 5.37; Groom et al., 2016) ; only a poor-quality picture of the J147 structure ( Fig. 2 ) has been published (Chen et al., 2011) .
Experimental

Synthesis and crystallization
Compounds 1-6 have been synthesized using method A and compound 7 has been synthesized using method B, as depicted in Fig. 3 . Melting points were measured in a ThermoGalen 10 Hot Stage Microscope.
The 1,1,1-trifluoro-3-(X-methoxyphenyl)propan-2-ones (K1-K4) were prepared from the corresponding phenylacetic acid, trifluoroacetate and lithium diisopropylamide (LDA) at low temperature (Reeves et al., 2008) . Azides A1-A4 (Barral et al., 2007) and azide A5 (Budruev et al., 2016) were obtained according to literature procedures.
Method A: in a round-bottomed flask, 1 equivalent of 1,1,1-trifluoro-3-(X-methoxyphenyl)propan-2-one was dissolved in 3 equivalents of triethylamine and, after a few minutes, 1 equivalent of aryl azide was added to the reaction mixture, which was warmed to 348 K and heated overnight. After that, the reaction mixture was dissolved in a few millilitres of dichloromethane and brought to dryness at reduced pressure. The residue was purified by column chromatography (silica gel) using as eluent a hexane-ethyl acetate mixture (0-40% gradient). Triazoles 1-6 were obtained in good to moderate yields.
Method B: 1.5 equivalents of aryl azide A5 was dissolved in dimethyl sulfoxide (DMSO, 0.5 ml) and 1 equivalent of 3-(3,4-dimethoxyphenyl)-1,1,1-trifluoropropan-2-one (K4) in the presence of 10 mol% of Et 3 N or DBU (1,8-diazabicyclo-[5.4 .0]undec-7-ene) was added. The reaction was allowed to stir for 5-6 h at room temperature. After the reaction was complete, a saturated solution of ammonium chloride (5 ml) was added and the reaction mixture was extracted with chloroform (3 Â 10 ml). The chloroform extracts were combined, the solvent evaporated at reduced pressure and the residue purified by column chromatography using 2% methanol in dichloromethane as eluent.
Analytical data
Analytical data for 1: 30% yield, m.p. 374-375 K (hexane). Analysis calculated for C 17 H 14 F 3 N 3 (%) : C 64.35, H 4.45, N 13.24; found: C 63.95, H 4.45, N 13.02 25, 151.70, 150.51, 149.41, 138.27, 131.06, 122.77, 122.43, 121.48 (q, 1 J CF = 270 Hz, CF 3 ), 118.76, 117.73, 113.94, 113.58, 112.66, 56.33 (OCH 3 ), 56.25 (OCH 3 ) (C5 was not detected).
19
F NMR (379.5 MHz, CDCl 3 ): À55.53 (5-CF 3 ).
NMR experiments
NMR spectra were recorded on a Bruker DRX 400 (9.4 Tesla, 400. C were used as external references. Signals were characterized as s (singlet), d (doublet), t (triplet), q (quartet) and m (multiplet), and J couplings are given in Hz.
Typical parameters for 1 H NMR spectra were a spectral width of 4800 Hz and a pulse width of 9.5 ms at an attenuation level of 0 dB. Typical parameters for 13 C NMR spectra were a spectral width of 21 kHz, a pulse width of 12.5 ms at an attenuation level of À6 dB and a relaxation delay of 2 s. WALTZ-16 was used for broadband proton decoupling; the FIDS were multiplied by an exponential weighting (lb = 1 Hz) before Fourier transformation.
Inverse proton-detected heteronuclear shift correlation spectra, ( C, 1024 Â 256 data set, number of scans 2 (gs-HMQC) or 4 (gs-HMBC) and a relaxation delay of 1 s. The FIDs were processed using zero filling in the F 1 domain and a sine-bell window function in both dimensions was applied prior to Fourier transformation. In the gs-HMQC experiments, GARP modulation of 13 C was used for decoupling 19 F NMR spectra were recorded on the same spectrometer (376.50 for 19 F), using a 5 mm QNP direct-detection probe head equipped with a z-gradient coil, at 300 K. Chemical shifts ( in ppm) are given from CFCl 3 as external reference [one drop of CFCl 3 in CDCl 3 (0.00)]. Typical parameters for 19 F NMR spectra were a spectral width of 55 kHz, a pulse width of 13.75 ms at an attenuation level of À6 dB and a relaxation delay of 1 s. WALTZ-16 was used for broadband proton decoupling 19 F{ 1 H} and the FIDS were multiplied by an exponential weighting (lb = 1 Hz) before Fourier transformation.
X-ray data collection and structure refinement
Crystals of good quality for X-ray diffraction analyses were obtained for compounds 1-5 from hexane and compounds 6 and 7 from methanol. Data collection was carried out at room temperature on a Bruker SMART CCD diffractometer for compounds 2-7 and on an Xcalibur Atlas CCD diffractometer for 1. They were operating at 50 kV and 25 mA for 2, and at 35 mA for the remainder of the compounds using, in all cases, exposure times of 20 s and graphite-monochromated Mo K radiation ( = 0.71073 Å ). Crystal data, data collection and structure refinement details are summarized in Table 1 .
All H atoms were included in their calculated positions and refined as riding on the respective bonded atoms. In compound 7, atom H3 linked to atom O3 was located in a difference Fourier map and refined as riding on the O atom.
Concerning the positional disorder of the trifluoromethyl groups, compound 1 crystallizes with two molecules; one of them presents CF 3 disorder that was modelled and refined with displacement parameters restrained and occupancies in a 65:35 ratio. All the remaining compounds, except for 2 and 7, also present positional disorder for their F atoms, which were modelled similarly in two different positions for the sake of simplicity and clarity, and were refined with occupancies around 50% for 3 and 4, ratios of 62:38 (for C6-F 3 and C19-F 3 ) and 73:27 (for C20-F 3 ) for 5, and a ratio of 70:30 for 6.
Compound 6 shows a different kind of positional disorder that affects atoms N1 and C4 on the triazole ring. This disorder was modelled and refined with occupancies of 45% N and 55% C for the first position and a ratio of 55:45 for the second position.
Computational details
B3LYP/6-311++G(d,p) calculations (Ditchfield et al., 1971; Frisch et al., 1984) were carried out using the GAUSSIAN16 facilities (Frisch et al., 2016) . Frequency calculations show that all the reported structures are minima (number of imaginary frequencies = 0). Maps of electrostatic potential were calculated with the GAUSSIAN16 program and represented with the Jmol viewer (Jmol, 2018) .
Results and discussion
In this article, we will discuss the crystal and molecular structures of seven 1,2,3-triazoles (denoted 1-7 Figure 4
The molecular structures of 1-7 (with displacement ellispoids at the 20 and 30% probability levels), showing the labelling of the asymmetric units from the crystal structure analyses.
used for their NMR characterization (see Figs. S1-S21 in the supporting information). Triazoles 1-6 were synthesized using a metal-free domino reaction from aryl trifluoromethyl ketones and aryl azides in the presence of a base (DBU or triethylamine) in a 1:1:3 ratio (Sosnovskikh & Usachev, 2002; Usachev et al., 2011 Usachev et al., , 2014 . Triazole 7, which contains a hydroxy group, was prepared at room temperature using a catalytic amount of base DBU or trimethylamine from enolizable aryl trifluoromethyl ketones and aryl azides (Fig. 3) .
Crystal structures
The compounds under study crystallize in triclinic, monoclinic and orthorhombic systems, in the space groups P1 (for 4), P2 1 /n (for 1, 3 and 5), P2 1 /c (for 6 and 7) and Pbca (for 2). Fig. 4 displays the molecular structures of the different derivatives with the labelling schemes of their corresponding asymmetric units. All of them have one molecule per asymmetric unit, with the exception of 1, which shows two crystallographically independent molecules.
Compound 1 crystallizes with two types of molecules showing positional disorder for the F atoms of the CF 3 group in one of them, which was refined with occupancies of a 65:35 ratio. The remainder of the compounds, excluding 2 and 7, also show positional disorder for the F atoms, being modelled in two different positions with occupancies of about 50% for 3 and 4, and nearly a 70:30 ratio for 5 and 6. Additionally, compound 6 showed positional disorder for atoms N1 and C4 on the triazole ring. This disorder was modelled and refined with occupancies of 45% N and 55% C for the first position and a 55:45 ratio for the second position.
Compound 1 has both molecules in an eclipsed orientation of its triazole rings. As expected, they are not planar because of the twisting of the aromatic rings on the triazole unit in order to minimize the steric hindrance of their substituents. Thus, the dihedral angle between the planes of the triazole ring and the N-3,4-dimethylphenyl group is about 35 for both molecules, while that with the C-phenyl ring is higher, with values of 63.3 (3) and 85.4 (3) for molecules 1 and 2, respectively. The distinct values of the latter angle for the different types of molecules could be related to the positional disorder of the CF 3 group in the type 2 molecules that introduces more steric hindrance in that part of the molecule and, consequently, a larger twist.
The remainder of the derivatives show a similar behaviour. Thus, the dihedral angles in compounds 2-5 vary between 36.7 (2) and 42.5 (2) for the methoxyphenyl ring, and between 71.4 (2) and 86.2 (3) for the disubstituted ring, the differences in these values being attributed to the diverse positions of the substituents. The highest value for this angle (seen in 5) is related to the presence of the larger CF 3 group compared to the CH 3 groups.
In contrast, compound 6, with symmetrical methoxy substituents of larger size, shows similar intermediate values for both dihedral angles, i.e. 55.1 (2) and 56.0 (2) . This symmetry is associated with a positional disorder in the first and fourth positions on the triazole moiety. Consequently, atoms N1A and C4B occupy the first position in a 45:55 ratio, while atoms N1B and C4A occupy the fourth position in a 55:45 ratio. This fact seems to affect slightly the distribution of the electronic delocalization on the triazole ring.
Finally, these angles are significantly smaller, i.e. 49.1 (4) and 30.1 (4) , in 7. This fact is related to the existence of intermolecular hydrogen bonds between the triazole N3 atom and the hydroxy group of neighbouring molecules.
The nonplanarity of these molecules along with their bond lengths and angles indicate that the electronic delocalization Table 2 Rotational disorder of the trifluoromethyl groups in compounds 1-7.
N1-C5-C-F torsion angle ( ) defined selecting the F atom of the CF 3 group closer to 0, 90 or 180 .
Compound Comments Experimental
Close conformation Figure 5 View of the crystal packing of 7 along the a axis, showing the interactions (hydrogen bonds are red and -interactions are blue) between the chains.
on the triazole ring is not extended to its substituents and it is mainly focused on the shortest N2-N3 bond with a length of about 1.31 Å . Also remarkable is the positional disorder of the CF 3 groups displayed by most of derivatives that possibly contributes to the twisting of the molecules, preventing any interactions with their neighbours.
In that context, the crystal packing for these compounds is similar and consists of crystallographically isolated molecules with no significant interactions between them. This fact is probably due to the steric hindrance introduced by the substituents and the nonplanarity of the molecules. However, the crystal packing for 7 consists of a supramolecular bidimensional network formed by intermolecular hydrogen bonds, as mentioned, between atom N3 and the H3-O3 hydroxy groups of adjacent molecules [O3-H3Á Á ÁN3(Àx + 1, y + In summary, from the results discussed above, the following observations can be made:
(a) Generalities. Concerning the 5-CF 3 rotational disorder, Table 2 summarizes the findings. There are seven conformations of the 90 type (syn-or anticlinal), five of the 180 type and one of the 0 type (in the last six, either syn-or antiperiplanar types are present).
As was already mentioned, the torsions involving both aryl groups are due to the steric effect of the CF 3 group. For instance, for compound 1 (two independent molecules), the torsion angles N2-N1-C1 0 -C2 0 and N3-C4-C1 00 -C2
00
(see chemical numbering in Scheme 1) are about 35 (3,4-dimethylphenyl) and about 63 and 85 (C-phenyl). For a similar compound, in terms of the absence of ortho substituents, with N-4-methoxyphenyl and C-phenyl (CSD refcode SOVWIL; Adluri et al., 2014) , these angles are approximately 50 and 9
. One increases by 15 , but the other decreases by between 54 and 76 , confirming that CF 3 is larger than CH 3 , but also that torsions in the solid state are not simply due to steric effects.
Why are there no C ar -HÁ Á ÁF-C intramolecular contacts? That is because the geometry is unfavourable due to torsion of the two aryl groups. If the aryl groups were coplanar with the triazole ring, the C-F and the C-H atoms would be too close. Thus, the steric effect is more efficient than the weak hydrogen bond.
(b) Singularities. The only compound which clearly shows a hydrogen bond (O-HÁ Á ÁN) is compound 7. The hydrogen bond is established with atom N3 and not with N2; this is due to the fact that N3 is more basic, as well as being a better hydrogen-bond acceptor, than N2 (Abboud et al., 2001; McDonald et al., 2010) . The role of a more favourable geometry cannot be excluded.
The shortest FÁ Á ÁF intermolecular contact between the F atoms of the CF 3 substituents is seen for compound 5, i.e. 2.875/2.826 Å , which are longer than the 2.5-2.7 Å limit for FÁ Á ÁF contacts (the shortest distance we found in other structures was 2. Definition of the rotation angles studied in the theoretical calculations; for the syn/anti isomerism, note that ' 3 = 0 corresponds to the Z configuration and ' 3 = 180
to the E configuration.
Figure 7
Reported and calculated structures of J147.
The N1/C4 positional disorder of compound 6 is related to the general topic of positional solid-solution, i.e. a homogeneous nonstoichiometric crystalline phase in which some of the molecules are substituted by identical molecules ordered differently, so the lattice dimensions are changed only slightly (Kitaigorodsky, 1984; Jacques et al., 1994; Oliveira et al., 2008; Santa María et al., 2009) .
Theoretical calculations
We started exploring the conformational/configurational space of J147, limiting ourselves to the angles ' 1 , ' 2 and ' 3 defined in Fig. 6 ; ' 1 and ' 2 correspond to rotations about single bonds, while ' 3 corresponds to the E/Z isomerism of the C N bond. The rotations about the N-aryl, C-aryl and C-OCH 3 single bonds were not explored.
We have found seven minima that are reported in Table 3 and the two most significant are depicted in Figs. 7 and 8; the geometries of the remaining ones are given in the supporting information.
The minimum is close to an all-trans geometry (angles close to |180
|, E isomer). The positions of the ortho-methyl group (position 2 0 -Me) and that of the methyl group of the methoxy substituent (position 3 00 -OMe) are different from the positions they occupy in the crystal (Chen et al., 2011) . Therefore, we optimized an all-trans geometry similar to that obtained by crystallography, obtaining another minimum 0.2 kJ mol À1 higher in energy than the absolute minimum but with very similar ' 1 , ' 2 and ' 3 angles (Fig. 7) .
Note from Table 3 that the E/Z isomerism (' 3 ) always shows small deformations between 0.1 and 5.7 from 0 and 180 . The single bond corresponding to the ' 1 angle is not far (maximum value 19.2 ) from being 0 or 180 . By contrast, the central ' 2 angle has in some isomers angles close to 90 (63.9, 93.6, 94.6 and 118.6 ) due to the steric hindrance that results from angles close to 0 or to 180 . Clearly the minimum of J147 Type 7 (178.1/À178.6/179.8 ) of Table 3 (very similar to the X-ray structure) is very different from 4 (Fig. 8) . But, on the other hand, the J147 Type 1 (À11.5/ 63.9/4.8 ) of Table 3 , which lies 49.5 kJ mol À1 higher in energy, is close to that found in the X-ray structure for compound 4. Would such a difference in energy be too high for both structures to fit the same receptor? There has been much interest in comparing the structures of the ligands inside a receptor/protein with those of the free molecules, both determined by X-ray crystallography. While the X-ray geometry usually, as in the present case, matches the minimum-energy geometry calculated theoretically (both after optimization which relaxes the geometry), the geometry of the small molecule within the receptor only coincides in some cases; in others it differs by as much as 40 kJ mol À1 (Boströ m et al., 1998; Perola & Charifson, 2004; Fu et al., 2011; Sitzmann et al., 2012; Krall et al., 2017; Hawkins, 2017) . Therefore, it is reasonable to assume that they act on the same receptor.
Conclusions
A series of closely related 1,4-diaryl-5-trifluoromethyl-1H-1,2,3-tiazoles have been prepared and their X-ray structures were determined. Some generalities (CF 3 disorder and conformation; C-FÁ Á ÁF-C contacts) and some peculiarities of these structures have been discussed. Amongst the latter, of note are an O-HÁ Á ÁN hydrogen bond with the most basic N atom of 1,2,3-triazole (N3), a short FÁ Á ÁF contact and an N1/ C4 positional disorder related to solid solutions. Theoretical calculations found seven minima in the J147 potential surface, with the absolute minimum coinciding with the X-ray structure (estimated), and the structure that most resembles compound 4 (as a model of the seven triazoles) lies nearly 50 kJ mol À1 above the minimum. Although this is a high gap, it is still possible that both types of compounds share the same receptor. Table 3 Angles ' 1 , ' 2 and ' 3 ( ).
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